It has been reported recently that genes encoding antigens of bacterial and viral pathogens can be expressed in plants in a form in which they retain native immunogenic properties. The structural protein VP1 of foot-andmouth disease virus (FMDV), which has frequently been shown to contain critical epitopes, has been expressed in different vectors and shown to induce virus-neutralizing antibodies and protection in experimental and natural hosts. Here we report the production of transformed plants (Arabidopsis thaliana) expressing VP1. Mice immunized with leaf plant extracts elicited specific antibody responses to synthetic peptides representing amino acid residues 135 to 160 of VP1, to VP1 itself, and to intact FMDV particles. Additionally, all of the immunized mice were protected against challenge with virulent FMDV. To our knowledge, this is the first study showing protection against a viral disease by immunization with an antigen expressed in a transgenic plant.
Recently, the utilization of plants as expression vectors for the production of foreign proteins has been reported. Viral proteins (15) (16) (17) 21) , bacterial toxins (9) , and antibody molecules (8, 11, 12, 14) have been expressed successfully in transgenic plants. In most cases, the expressed proteins were fully functional as antigens (9, (15) (16) (17) 21) or in ligand recognition (8, 11, 12, 14) . Importantly, they were effective as immunogens in eliciting specific immune responses (9, 16, 21) . The production of immunogens in plants might be an economical alternative to fermentation-based production systems for the development of vaccines.
Foot-and-mouth disease virus (FMDV) is the causative agent of a disease of great economic significance affecting meat-and milk-producing domestic animals (4) . Comprehensive vaccination of all susceptible hosts with inactivated virus as the immunogen has been very successful and constitutes the basis of all sanitary plans for controlling and eradicating the disease (5) . Current vaccines are based on the utilization of inactivated virus, and although they have proved to be effective tools for the prevention of the disease, their production includes considerable risk in the dissemination of the virus from vaccine factories (4). Thus, it is important to develop alternative approaches for producing experimental vaccines. Many studies have shown that the structural protein VP1 carries critical epitopes responsible for the induction of neutralizing antibodies (reviewed in reference 4). Immunization with VP1, or with synthetic peptides representing part of its amino acid sequence, has been demonstrated to induce protection against challenge in experimental and natural hosts (reviewed in reference 4). Production of complete or fractionated VP1 in a diversity of expression systems has been performed frequently in the search for an effective and inexpensive alternative which would be highly immunogenic (7, 13, 18, 22) . Here, we describe the production of transgenic Arabidopsis thaliana plants expressing FMDV VP1 and its utilization as an immunogen in experimental hosts.
The construction of the transformation vector was based on the binary plasmid pRok1 (1 Plant transformation was performed as described elsewhere (2) with slight modifications. Briefly, seeds of A. thaliana (L) (Heynh; ecotype Columbia) were sown in pots which were placed at 4°C for 48 h in darkness (to synchronize germination) and later transferred to a growth chamber at 20°C with a 16-h photoperiod. Irrigation was carried out with distilled water and occasionally with mineral nutrient solution (10) . Agrobacterium tumefaciens (strain C58C1) cells, containing either pRok.VP1 or pRok, were grown in Luria-Bertani medium containing 50 mg of kanamycin per ml. After centrifugation, bacteria were resuspended in 200 ml of 2.35 g of Murashige and Skoog medium (19) per liter containing 10 g of 6-benzilaminopurine per liter and 5% sucrose. Six-to 7-week-old plants were immersed in the Agrobacterium suspension by inverting the pots, and vacuum infiltration was performed in a vacuum chamber at 5 ϫ 10 6 mPa for 15 min. Infiltrated plants were rinsed with water and placed in a greenhouse until attaining maturity. Transgenic T1 seeds were selected by germination in Petri dishes containing GM (4.7 g of Murashige and Skoog per liter 1% sucrose, 0.5 g of MES [morpholineethanesulfonic acid] per liter, 8 g of agar per liter [pH 5.7] ) and 50 mg of kanamycin per ml. Two-weekold transgenic plants were transplanted to soil and allowed to attain maturity in order to be used for further analysis.
The presence of the VP1 gene in the transgenic plants was detected by PCR. Plant extracts (approximately 50 mg) were prepared by macerating frozen leaves in liquid nitrogen with pestle and mortar. The resulting powder extract was successively resuspended in 50 l of 250 mM NaOH, boiled for 1 min, ice cooled, mixed with 50 l of 250 mM CIH, buffered with 25 l of 1 M Tris (pH 8.3), boiled for 2 min, and ice cooled. PCR was performed on 5 l of the extract with a pair of primers which specifically amplify a 145-bp fragment of the VP1 gene between positions 369 and 490 (forward primer, 5Ј CCGGATC CTGGCAACC ATGTACA 3Ј; reverse primer, 5Ј GTCGCA TATGTGGCACCGTAGTT 3Ј). PCR analysis showed the presence of a product of the expected size in all plants transformed with pRok.VP1. On the other hand, this product was consistently absent in those plants transformed with pRok ( Fig. 1) .
The presence of recombinant protein in the plants harboring the VP1 gene was tested by enzyme-linked immunosorbent assay (ELISA). Approximately 10% of the selected plants were clearly positive (Fig. 2) . Additionally, pRok.VP1 plant extracts analyzed by Western blot with an anti-VP1 antiserum presented a weak, although specific, band with the expected relative mobility (data not shown). Different recombinant plant lines harboring the VP1 gene and expressing the transgenic protein were selected and pooled to obtain material for the immunization experiments.
Plant extracts were prepared by macerating approximately 50 to 100 mg of frozen leaves in 1 ml of phosphate-buffered saline-0.025% Tween 20 (PBST). Preparations were clarified by centrifugation, and the supernatants were used for inoculation. Adult (60-to 90-day-old) male BALB/c mice were immunized intraperitoneally (i.p.) at days 0, 21, and 35 with 0.5 ml of plant extracts emulsified in incomplete Freund's adjuvant. Ten days after the last booster, the animals were bled and sera were analyzed for the presence of anti-FMDV antibodies. Antibodies raised in immunized mice showed a strong reaction in the ELISA to a synthetic peptide (p135-160) which represents the amino acid residues of FMDV VP1 O1C from position 135 to 160 (22) (Fig. 3A) . The specificity of this anti-VP1 response was confirmed by Western blotting, using purified FMDV as an antigen, in which a pool of sera from mice immunized with plants expressing the recombinant protein specifically recognized a protein with the same relative mobility as the one recognized by an immune serum raised against p135-160 (Fig. 4) . Finally, the specific immune response against intact FMDV particles was analyzed by ELISA. All animals immunized with plants expressing VP1 developed a strong immune response, which in each individual had a magnitude similar to that detected by ELISA against p135-160 Ninety-six-well Immulon 2 ELISA plates (Dynatech) were coated with a rabbit anti-p135-160 antiserum in carbonate buffer (pH 9.6) for 12 h at 4°C. The plates were then washed three times with PBST and blocked with 3% horse serum in PBST for 1 h at 37°C (all subsequent steps were performed with this buffer). Then, a fourfold dilution of extracts from the plants to be tested were added and incubated for 1 h at 37°C. The plates were washed, and a pool of mouse anti-p135-160 antisera was added. The plates were then washed three times and incubated for 1 h at 37°C with peroxidase-labeled rabbit anti-mouse immunoglobulin antibodies (Dakkopats). After three washes, the reaction was developed by the addition of O-phenylenediamine-H 2 O 2 in citrate buffer (pH 5) and read 10 min later at 490 nm in an MR 500 Microplate Reader (Dynatech). Results are presented as rough optical density (OD) readings. Positive control is an extract of a plant transformed with pRok with the addition of p135-160 (10g/ml).
FIG. 3.
ELISA detection of antibodies to p135-160 (A) and anti-FMDV particles (B) in mice immunized with transformed plants. Briefly, the assay was performed exactly as described previously for detection of VP1 in transgenic plants regarding the capture of antigen to the plate and the blocking, washing, developing, and reading steps (20) . Antigen was added after the capture antibody (p135-160 at a concentration of 10 g/ml and purified inactivated FMDV at a concentration of 1 g/ml) and incubated for 1 h at 37°C. Sera were tested in a fourfold dilution series in blocking buffer. Serum titers are expressed as the log of the reciprocal of the highest serum dilution which presents optical density (OD) readings above the mean OD readings plus 5 standard deviations of sera from five animals immunized with plants transformed with pRok. (Fig. 3B) . Sera from mice immunized with leaf extract from plants transformed with plasmid pRok did not present reactivity in either the ELISA or Western blot analysis, supporting the specificity of the immune response induced by the extracts from plants containing VP1 (Fig. 3A and B and Fig. 4) .
The protective effect induced by the plant-derived VP1 was tested by challenging the immunized mice with virulent virus. Importantly, all 14 of the mice immunized with plants expressing VP1 (pRok.VP1 plant extracts) were protected against i.p. challenge with 10 4 suckling-mouse 50% lethal doses of FMDV O1C, while all 6 animals immunized with cell extracts from transgenic plants transformed with pRok, as well as the 6 unimmunized controls, became infected. (Protection was defined as the absence of viremia in the challenged mice at 48 h postinoculation. Viremia was tested by intramuscular inoculation of a 5-to 6-day-old litter [six mice per blood sample] with a 1/10 dilution of peripheral blood [50 l per mouse].)
The concept of vaccine production in transgenic plants was first described by Mason et al. in 1992 (15) , and several authors have described antibody responses to parenterally or orally administered plant-derived antigens (9, 16, 21) . In the present work we describe an alternative method for expressing VP1 by using transgenic plants as a vector. The plant-derived VP1 was able to induce, in parenterally immunized mice, a virus-specific antibody response and solid protection against virulent virus challenge. Although the induction of a protective immune reaction with a plant virus used as an expression vector in minks immunized with recombinant chimeric particles of the cowpea mosaic virus has been described (6), to our knowledge ours is the first study showing protection against a viral disease by immunization with an antigen expressed in transgenic plants. These findings support the concept of using transgenic plants as a novel and safe system of inexpensive vaccine production, which could became a very attractive alternative in the developing world. FIG. 4 . Anti-VP1 antibodies detected by Western blotting. FMDV (produced, inactivated, and purified as described by Berinstein et al. [3] ) was resuspended in sample buffer (50 mM Tris [pH 7.5], 1 mM phenylmethylsulfonyl fluoride, 4 M urea, 1% sodium dodecyl sulfate [SDS], 2 mM dithiothreitol, and 2% 2-␤-mercaptoethanol), boiled 3 min, subjected to SDS-12.5% polyacrylamide gel electrophoresis, and blotted to an Immobilon P (Millipore) membrane. The membrane was blocked overnight with PBST containing 3% skim milk (all subsequent steps were performed with this buffer) and incubated with the corresponding mouse sera (diluted 1/50) for 2 h at 37°C. The membrane was washed and incubated with an alkaline phosphatase-labeled anti-mouse immunoglobulin rabbit antiserum (Dakkopats) for 1 h at 37°C and then washed three more times, and the reaction was developed by the addition of the substrate nitroblue tetrazolium-4-chloro-3-indolylphosphate. Sera from mice immunized with plant extracts were used for the reaction. Lanes A through C correspond to anti-p135-160 antiserum, a pool of sera from mice immunized with pRok-transformed plants, and a pool of sera from mice immunized with pRok.VP1-transformed plants, respectively.
